A fundamental piece of the puzzle, that is the protein folding problem, refers to the balance between energetic and topological frustration. Energetic frustration results from the often conflicting requirements that hydrophobic residues need to reside inside the folded protein structure, while polar and charged residues prefer to reside on the surface of the structure in close contact with water. Moreover, even if the energetic frustration for a particular protein sequence is substantially minimized, the requirement of almost perfect solid-like packing for a protein structure leads to topological frustration manifested in conflicting geometrical orientation of the various parts of the sequence due to the chain connectivity. While topological frustration is relatively straightforward to study by reducing the protein chain to a homopolymeric description, understanding the origin and degree of energetic frustration in proteins is far more challenging.
A fundamental piece of the puzzle, that is the protein folding problem, refers to the balance between energetic and topological frustration. Energetic frustration results from the often conflicting requirements that hydrophobic residues need to reside inside the folded protein structure, while polar and charged residues prefer to reside on the surface of the structure in close contact with water. Moreover, even if the energetic frustration for a particular protein sequence is substantially minimized, the requirement of almost perfect solid-like packing for a protein structure leads to topological frustration manifested in conflicting geometrical orientation of the various parts of the sequence due to the chain connectivity. While topological frustration is relatively straightforward to study by reducing the protein chain to a homopolymeric description, understanding the origin and degree of energetic frustration in proteins is far more challenging. Mittal et al.'s study (1) addresses the energetics of the protein folding problem and therefore the energetic frustration issue (2). Starting from a large and diverse set of protein structures present in the PDB (3), the authors aim to uncover the driving force between the formation of amino acid pairs in functional protein states: is it the stoichiometry or the chemistry (mainly the hydrophobicity) of the members? Their study lands in the middle of a long standing controversy in the protein folding field that started with Kauzmann's 1959 review in which the author argued that the stabilization of a protein structure is largely due to the hydrophobic effect (4) . By contrast, according to this view, hydrogen bonds have little or maybe even opposing influence on the protein folding reaction. While this is still an influential point of view, alternative proposals are gaining ground. Recent experimental findings and theoretical modeling indicate that osmolytes, which can dramatically influence the folding/unfolding processes, target primarily the protein backbone (not the side-chains) and act on the unfolded state rather than on the native state (5, 6), and that most mesophilic proteins unfold or fold under very similar denaturating/renaturating conditions (temperature or chemical denaturation) (7) . It is also now well known that the number of stable domains is limited. Recently, Rose and collaborators (8) showed that two-state folding implies that conformation and stability are separable. Based on these findings, as well as the success of the tube-like model of proteins (9, 10) in proving that the native conformations of proteins can emerge on the basis of geometry and symmetry, the view that hydrogen bonding, rather than hydrophobicity, plays the central role in the protein folding process received an unprecedented push (8). According to this viewpoint, "side chains serve to select conformations from the limited repertoire of possible backbone conformations: alpha-helix, beta-strand, turns, and loops." This viewpoint puts special emphasis on the protein backbone for the protein folding process resulting in the proposal that water is a poor solvent for the protein backbone. This proposal received backing from a study of intrinsically disordered proteins (11) which revealed that, in water, even polyglycine chains that lack side-chains adopt compact but disordered structures due to the preferential formation of backbone-backbone hydrogen bonds over the formation of backbone-water hydrogen bonds. However, the same study suggested that additional factors, beyond backbone hydrogen bonding, are needed to rationalize their findings. The authors proposed that the negative entropy term seen in the collapse of short polypeptide chains becomes increasingly unfavorable for the hydration of long, flexible chains. Thus, long protein chains collapse to minimize the entropic cost of solvent organization around a heterogeneous ensemble of loosely packed conformations making the intrinsic chain flexibility a central player in setting the length scale of the collapse. Another protein folding viewpoint is that 'reduced-alphabet solvation-based' codes correctly encode native protein structures (12). This viewpoint is supported for example by the finding that protein structures can be designed using non-biological backbones (13).
Mittal et al.'s mathematically appealing study (1) adds support to the hydrogen-bonding centric viewpoint. Namely, their central finding that the parameters of the mathematical function that describes the spatial distribution of the total number of pairs of amino acids in native protein structures are independent of the chemical identity of the residues and of the size of the protein strongly suggests that side-chains do not play the main role in achieving packing in proteins. Unfortunately, the predictive power of this study is severely limited. For example, one limitation of their approach is that it does not distinguish between orientation-dependent and orientation-independent contacts, i.e., between hydrogen bonds and other non-covalent contacts. As a result, the authors cannot provide direct insight into the factors that drive the collapse of a protein sequence into a compact structure. A different approach is needed to this end, such as one that accounts for the dynamics of the folding process as employed by Hubner and Shakhnovich (14) . These authors showed that, in a model protein system, classical potentials accounting for directional hydrogen bonds formation and van der Waals interactions that promote overall compaction lead to parts of the sequence folding into alpha-helices. By contrast, exclusion of the hydrogen bond contribution while retaining the van der Waals contribution does not lead to the formation of secondary structure (alpha-helices) in their model (14) . Another limitation of the Mittal et al.' s study is that their method cannot be extended to predicting the role played by side-chains in the selection of the final, well-folded conformation, which is supported by the hydrogen-bond centric viewpoint (8). Studies have revealed that relying entirely on the poor solvent quality of water for the protein backbone leads to overly compact structures that deviate from the native conformations of real proteins thus indicating that side-chains are required to achieve the final folded structure (15) . One reason why Mittal et al.'s methodology (1) cannot reveal the role of side-chains results from one of the main assumptions behind their approach: by pulling together data about spatial distribution of residue pairs in a large number of diverse protein structures, the authors implicitly assume that any native protein structure can be assembled from a "soup" of amino acid pairs at various spatial separations obtained by the decomposition of many structures (16). While the backbone hydrogen-bond centric viewpoint recognizes that proteins are build on scaffolds of secondary structure elements (alpha-helices and beta-strands) (8), further decomposition of this scaffold into amino acid pairs is not supported by the available experimental and theoretical literature. This is not surprising as this assumption completely neglects the chain connectivity which is known to give rise to the topological frustration in protein folding. In conclusion, Mittal et al.' s work is a nice exercise in the use of a large set of protein structures to map out characteristics of the underlying amino acid distributions, but unfortunately with limited predictive power.
